1. Introduction {#sec0005}
===============

Perceptual expertise for visual words enables individuals to rapidly and effortlessly decode visual words ([@bib0180]). At the neural level, a cortical area located in the left occipito-temporal cortex (termed as Visual Word Form Area, VWFA) has been identified for specifically processing written words (e.g. [@bib0070], [@bib0180], [@bib0065], [@bib0135]). This area has been proposed to be associated with a negative ERP component, termed as N170, elicited by visual words between 150 ms and 250 ms after the onset of stimuli ([@bib0005], [@bib0155], [@bib0190], [@bib0030]). Compared to meaningless symbols, the word-related N170 shows larger amplitude in the left occipital-temporal region in skilled readers ([@bib0155], [@bib0165], [@bib0170], [@bib0015]). Further, this effect can be observed in different writing systems ([@bib0010], [@bib0170], [@bib0245], [@bib0130], [@bib0265]).

N170 markers for word expertise develop rapidly after children receive formal training in schools ([@bib0165], [@bib0035], [@bib0045], [@bib0255]) and are attenuated in children who suffer from, or are at risk of dyslexia ([@bib0165], [@bib0025]). Word-related N170 expertise emerges even before children receive formal training. A higher N170 for words, relative to symbols, in the right hemisphere was found in kindergarten children (6 years old) with high letter knowledge ([@bib0160]). This N170 selectivity for words, together with left-lateralization, was also found in Chinese kindergarten children with high reading ability (S. [@bib0125]).

Notably, a recent training study asked 6 years old preschoolers to learn grapheme to phoneme correspondence. Although these children had already acquired some letter knowledge (10 upper case letters and 5.8 lower case letters) prior to training, they did not possess neural tuning for words associated with visual expertise. However, compared with the N170 amplitude for symbols, neural tuning for words emerged soon after a short-term training (about 3.6 h), especially in the left hemisphere ([@bib0020]). However, fast emergence of N170-markers for visual expertise may not necessarily occur for children who learn to read Chinese. A N170 study from skilled Chinese readers found that both characters and unpronounceable pseudo-characters evoked a larger N170, which suggested that orthography rather than phonology serves as the main driver for the enhanced and left-lateralized N170 to visual words ([@bib0130]). Compared to alphabetic written scripts, the Chinese written system is very complex and is considered one of the most difficult scripts to learn in the world ([@bib0195], [@bib0230]). Unlike an alphabetic word which is linearly composed of a limited number of letters, a Chinese character is composed of strokes and radicals which are typically arranged both vertically and horizontally. This pattern is visually much more complicated than that of alphabetic words. Grapheme to phoneme correspondences in alphabetic writing systems are much more direct compared to the Chinese writing system, where a single syllable is shared by many words (a syllable shares 10 characters on average) ([@bib0195]). Thus, it is an inefficient way to learn the character-syllable correspondence at the beginning stage of learning to read Chinese. Consequently, it is a great challenge for Chinese beginning readers to acquire the minimum 3000 to 4000 characters required for skilled readers in short time (H. [@bib0120]). Therefore, although similar effects of expertise on the N170 are found across different scripts (Alphabetic language: e.g. [@bib0015], [@bib0155]; Logographic language: [@bib0130], [@bib0045], [@bib0170], [@bib0245]), it is not clear whether N170 word expertise for Chinese characters, a writing system with very complicated orthography, can emerge very quickly in young children.

Due to the unique visual and linguistic characteristic of Chinese characters, visual-orthographic skills are more essential for learning Chinese in beginning readers ([@bib0200], [@bib0210]). Consequently, rote copying of characters is a typical way of learning Chinese characters in school education ([@bib0210], [@bib0215], [@bib0250]) and recently calligraphy is required as a subject in the curriculum of Chinese primary schools ([@bib0090]). Many studies have shown that writing skills are associated with reading ability in both normal school age children and dyslexic children (D.W. [@bib0050], [@bib0175], [@bib0210], [@bib0215]). Moreover, writing practice uniquely contributes to Chinese children\'s reading development even with phonological skills controlled for ([@bib0210]). Although kindergarten children in mainland China are not required to learn to write according to the Early Childhood Education Guideline ([@bib0085]), Hong Kong kindergarten children start to learn to write Chinese characters as early as 4 years old ([@bib0075]; L. [@bib0055], [@bib0175]). But no study has been reported to scientifically investigate the effect of this early writing training. Thus, it is important to know whether early writing experience in Chinese preliterate children can induce N170 markers for visual expertise

In the current study, we employed a training design in preliterate children, using Event Related Potential (ERP) methodology to answer the above two questions. These children had very limited reading ability and had not formally learnt to read or write Chinese characters. Two training conditions were adopted that are typically applied in educational practice in learning Chinese characters in children: the visual identification learning condition and the free writing condition. Children were randomly assigned to one of the groups and received different training. In the visual learning (VL) group, children learned to visually identify characters while their meanings and pronunciations were provided. In the free writing (FW) group, children were instructed to trace and copy each character manually, meanwhile, the meanings and pronunciations of characters were also provided as in the VL group.

Because Chinese characters have a very complicated orthographic structure which makes it harder for children to master reading skills, it is possible that the early emergence of N170 word expertise in young Chinese children needs a longer time to develop (not as fast as children learn to read alphabetic scripts). Alternatively, the N170 word expertise in young Chinese children may emerge soon after short-term training since much evidence has shown that Chinese character and alphabetic word processing bear common characteristics at least at the perceptual level ([@bib0240], [@bib0130], [@bib0045]). If writing experience can prompt the early development of N170 word expertise, we would observe a stronger N170 word effect in children who received free writing training compared with children in VL group.

2. Methods {#sec0010}
==========

2.1. Participants {#sec0015}
-----------------

In order to ensure that children had little literacy experience before attending the study, only those who could read fewer than 30 words within 61 items of a Chinese word reading recognition test developed for preschoolers ([@bib0060]; S. [@bib0125]) were included in the experiments. Initially, 34 children participated in this study. However, one child withdrew in the Post-test session and the data of 4 children were excluded due to extremely low EEG data quality (i.e. less than 20 trials for each condition). The remaining 29 right-handed children with no known neurological diseases or psychological disorders in a kindergarten (17 females, mean age = 58 months, *SD* = 3.32, range = 48--68 months in the pretest session) completed the training as well as the behavioral and the ERP recording and analyses. All children were Mandarin speakers in China and had no formal schooling experience. All parents were provided with full information about the study and were also told that their children were free to quit the study at any time and without claiming any reasons. Written consents from parents were obtained as well. All the experiment procedures and protocols were approved by the Institutional Review Board of the Institute of Psychology, Chinese Academy of Sciences.

2.2. Procedures {#sec0020}
---------------

### 2.2.1. General procedures {#sec0025}

Children received a battery of tests to assess their non-verbal intelligence, reading ability, fine motor ability, and visual motor integration ability. They were assigned to one of the two training conditions (VL & FW). As illustrated in [Fig. 1](#fig0005){ref-type="fig"}, children were asked to take part in a behavioral test on character recognition and an ERP experiment before training so that we could acquire the initial status of these children at both behavioral and neural levels. Next, the two groups of children began the 4 training sessions during 1 month (1 training session per week). Each training session lasted 25-min, and the total training time was about 100 min. To evaluate learning effects, children were submitted to another character recognition test one week after each training session through the training period. After the last training session, participants took part in the post-training behavioral and ERP experiment as in the pre-training session.Fig. 1Schematic description of study design. "ERP "represented the ERP experiment. "Beh" represented the character-matching test in pre- and post-training sessions. "Rec" represented the character recognition test during training. "Training" represented the training sessions.

### 2.2.2. A battery of behavioral tests {#sec0030}

VMI subtest in DTVP-2 (Frostig\'s Developmental Test of Visual Perception, Second Edition) was used to assess children\'s visual-motor integration ability. Fine-motor ability was assessed using a 24-hole pegboard in which the children had to insert 24 cylindrical pieces as fast as they could ([@bib0145]). The experimenter recorded the time spent and the hand used when children conducted the test. Non-verbal intelligence was assessed using the Combined Raven\'s Test (CRT, Chinese version, 1991). According to the performance of these tests, all the participants were assigned to either the VL group or the FW group with all the measures matched (see [Table 1](#tbl0005){ref-type="table"}).Table 1Characteristics of participants in both training groups.Visual learningFree writing*tpN*1316Gender (female)89Age (month)57.77 (3.32)58.31 (3.42)0.430.67IQ105.54 (11.68)103.97 (11.94)0.360.73Fine motor(s)141.77 (37.64)141.69 (25.65)0.011.00VMI17.64 (3.80)15.92 (3.55)0.910.37Vocabulary scores5.92 (5.45)6.31 (7.44)0.160.88[^1]

### 2.2.3. Training procedures {#sec0035}

Children in both groups were trained to learn 12 Chinese characters in 4 training sessions within one month (one training session per week). The characters were content words selected from the high frequency character list for elementary school in China ([@bib0095]). Each character was composed of 3 simple radicals and the number of strokes was less than 10 (For example, 急, 壳, 荷, 夜, 帮). Out of the 12 characters in the learning set, 1 pair of characters shared 1 radical (i.e. 亻 in 荷 and 夜), and another pair of characters shared a radical in different positions (i.e. 木 in 树 and 架). All other radicals in the learning set were unique. None of the participants reported knowing these characters before the training started. All of these 12 Chinese characters were learned twice in each of the training sessions. The orders of the 12 characters were counterbalanced between sessions. Altogether, each training session took approximately 30 min (including procedural instructions at the beginning and a short break during the session).

. Children participated in training in small groups of 4--5 children. At the beginning of each training session, the experimenter showed the learning procedure with an example character to help children understand the procedures. Formal training started after children were familiar with the learning procedure.

For each character to be learned, the experimenter first presented a character, and then told children the pronunciation and meaning of the character. Next, after children could correctly verbally repeat the character and understand the meaning of the character, children in the VL group were asked to identify the character from 8 different characters printed on one page ([Fig. 2](#fig0010){ref-type="fig"}A). For the 7 distracters, 3 of them were from the learning set, 4 were additional characters. They could do this practice a maximum of four times on four different pages. For children in the FW group, the character was also presented to children firstly but it was printed in gray on the upper side of the page ([Fig. 2](#fig0010){ref-type="fig"}B). After being told the pronunciation and the meaning of the character, children were instructed to trace over the gray character using a pencil. The trace practice was designed to assist children to write the character at the beginning. Then, they were instructed to copy the character below the sample character on the same page, at least two times. If children identified or copied incorrectly, the experimenter would remind them they had made a mistake. In order to match the print exposure for the two groups, we limited the exposure time for each character each time to 2 min at each training session.Fig. 2(A) A sample page for learning in the VL group. Children were asked to mark the same character (将) introduced by the experimenter during learning. (B) A sample page for learning in the FW group. Children were required to trace the gray character (将) and copy it twice in the boxes below within the time limit. (C) A sample trial for the character recognition test taken after each training session. Upper left: the radical transformed character (with one radical replaced). Upper right: the correct character (架). Lower left: the mirror image of the character. Lower right: the radical position transformed character. Children were required to circle the correct characters learned in the training sessions. (D) The procedure of the character-matching test in pre- and post-training sessions.

### 2.2.4. Character recognition tests {#sec0040}

#### 2.2.4.1. Character-matching test in pre- and post-training sessions {#sec0045}

A two-alternative character-matching task was adopted to test the ability to rapidly recognize characters. Following a presented target character (300 ms), children were shown a selection display with both that target and a distracter character, arranged horizontally across the screen. The children were then asked to judge which character was the previously presented target, as quickly and as accurately as possible by pressing keys on the keyboard. They were asked to press "F" if the left character was the previous one and press "J" if the right character was the previous one. The position of the target character in the selection display was counterbalanced across trials. The characters in the training materials were used as stimuli. E-prime 2.0 software was used to present the stimuli. The whole experiment contained 24 trials with each of the 12 characters presented twice as the target. Stimulus order was random across trials. For each trial, following a 500 ms fixation, one stimulus was presented as the target in the center of the screen for 300 ms. Then, after a 1000 ms blank, children chose the target character from 2 different characters presented together in a selection window ([Fig. 2](#fig0010){ref-type="fig"}D). The accuracy and the response time of matching were recorded by the computer and were analyzed.

#### 2.2.4.2. Character recognition test during training sessions {#sec0050}

In order to evaluate performance benefits, children were submitted to a character recognition test one week after each training session. The test was performed immediately before the next training session in the following week. The test was on the same day as the training. This test was modeled after a previous study which focused on the effect of writing practice on letter recognition in children ([@bib0140]). Each time, children were presented with a booklet and a pencil. Four options (including 1 correct character and 3 different distracters) were presented in a box with 4 cells in the booklet ([Fig. 2](#fig0010){ref-type="fig"}C). Three different distracters were character-like patterns which were adapted from correct characters: the mirror image of the character, a radical transformed character (with a radical replaced) and a radical position transformed character (with each radical position switched). Each of the 12 characters learned during training was tested twice in a random order to minimize the risk of getting a correct response by chance. The positions of the four options in the box were different between trials. The children were asked to find the correct character that they learned during training and draw a circle to mark it with no time requirement. Children\'s responses were recorded by counting the number of choices for correct characters after the test. We computed a correct response score (CR) for each child. One CR was given only when the child selected a character twice correctly. Thus, the maximum CR score was 12 in this test. Then, the CR scores were divided by the number of character learned (12) to get the accuracy for the character recognition test after each training session. Four children missed one of the recognition tests because of attending other kindergarten activities. The missing data were replaced with interpolated data, using an expectation-maximization algorithm ([@bib0080]).

### 2.2.5. ERP experiment {#sec0055}

#### 2.2.5.1. Stimuli and procedure {#sec0060}

Three categories of stimuli were used in the ERP experiment. The 12 characters in the training sessions were used as the stimulus in the character condition. Line drawings of faces and tools matched in spatial frequency and contrast were used as the two control conditions. Each category (characters, faces, tools) was presented in one of four colors: red, green, blue and yellow. Thus, there were 48 different items for each category. The size of each image was 91 × 90 voxels.

E-prime 2.0 software was used to present the stimuli. Each time, stimuli in one of the four colors were presented individually on a gray background with the horizontal visual angle 1.36 degree and the vertical visual angle 1.38. For each trial, a stimulus appeared for 300 ms and was followed by a 1500--1800 jittered interval. The stimuli of different conditions with different colors were mixed and were presented randomly and continuously (see [Fig. 3](#fig0015){ref-type="fig"}).Fig. 3Stimulus sample and procedure of the ERP experiment. Stimuli from the left to right were tools, faces, and characters. Red pictures were the targets. Children were instructed to attend to the stimuli and press a key once seeing the targets.

During the experiment, children sat 100 cm away from the screen. Children were instructed to attend to the pictures on the screen and respond to the red ones (targets) by pressing a predetermined key on the keyboard as quickly and accurately as possible. This target-detection task was content-irrelevant, which can minimize the effects of top-down modulations and attentional biases across stimuli. In addition, this passive viewing task also minimized EEG artifacts induced by the action of key pressing, as we only analyzed the non-target trials. Also, it was easy enough for the young children to understand and perform the task well. Children were given 5 practice trials before starting the experiment to ensure that they understood the instructions and were able to successfully perform the task.

The experiment contained five runs. For each run, the frequency of each non-target color (blue, green, and yellow) was 2 time more than the red target color on average and the ratio of non-target trial to target trial was 6:1. Each run was composed of 27 non-target trials for the 3 conditions (9 for each) and 4.5 target trials on average (the number of target trials was randomized from 3 to 6 for each of the 5 runs). For the 5 runs altogether, there were 45 non-target trials in each category. The children had a break after 31 trials (on average) and received a small gift as a reward after the experiment. The whole experiment took about 10 min.

#### 2.2.5.2. Data recording and processing {#sec0065}

EEG was recorded with an elastic cap carrying 32 Ag/AgCl electrodes which were placed according to the 10--20 international system (NeuroScanInc., EI Paso, TX, USA). Signal was amplified at a sampling rate of 1000 Hz. All channels were filtered with a band pass on-line filter from 0.1 to 100 Hz and 50 Hz noise was notched. Bilateral mastoids were used as the reference and the GND between FPz and Fz electrodes was used as the ground (all data were re-referenced with the grand average in later data analysis). The horizontal EOG was monitored by a bipolar channel using two electrodes placed over the right and left external canthus, and the vertical electrooculogram (EOG) was recorded with two electrodes above and below the left eye. Electrode impedances were kept \<5 kΩ.

Eye blinks were first corrected using the ocular correction function in Scan 4.5 software and the data were digitally filtered by band-pass (0.5--30 Hz). EEG was then segmented into epochs of 900 ms, from 100 ms pre-stimulus to 800 ms post-stimulus onset. Baseline correction was performed (−100 ms to 0 ms). Linear detrending was used for 5 children in Pre-test and 5 children in Post-test to correct too much linear drifting, and baseline correction was applied again after linear detrending. Trials with artifacts exceeding ±100 mV in the studied channels were automatically rejected (Because of higher noise level, an amplitude criterion of ±125 mV was used in four children\'s data in Pre-test and three children\'s data in Post-test.; similarly, ±150 mV ***were*** used in one child in pretest to reach an acceptable number of trials). Then, EEG signals of no-target trials were averaged to derive ERPs for words, faces and tools, respectively. At least 20 trials were averaged for each category for each child (Mean trial numbers = 33). There were no differences in the number of averaged trials in the three categories of stimuli (*F*(2,56) = 0.10, *p* = 0.89). Channels over the occipital-temporal area (e.g. [@bib0165], [@bib0045]) with the maximum negative amplitude (T5/T6) were selected. The peak values of amplitude and associated latencies were automatically detected between 150 ms and 300 ms after stimulus onset for minima as the N170 segment. The time window was determined in reference to the literature of studies on children at similar ages (S. [@bib0125], [@bib0165]) and combined with visual inspection of the individual waveform in the present study. The averaged N170 peak amplitudes were calculated for each stimulus category in Pre-test and Post-test respectively. In addition, the peak amplitude of the P1 component was also detected between 100 ms and 150 ms to verify that changes in N170 component were unique to the time-window associated with high-level expertise.

#### 2.2.5.3. ERP data analyses {#sec0070}

Three parts of analyses were performed on the N170 amplitudes of each category. First, in order to confirm the initial statuses of two groups were matched before training, an ANOVA was performed in the Pre-test data with between-subject factor of Training Group (VL vs. FW) and the within-subject factors of Category and Hemisphere. Second, in order to compare the effect of different learning conditions on the N170 amplitudes for each stimulus category across times, a mixed designed ANOVA on the N170 amplitudes with between-subject factor of Training group, and within-subject factors of Time, Category, and Hemisphere was conducted within each group. Third, in order to investigate changes in N170 lateralization after training, pairwise comparisons were performed between left and right hemisphere for all categories and in pre-test and post-test for each group. In addition to the N170 peak amplitude, the peak latency of N170 was assigned to ANOVAs with between-subject factor of Training group and within-subject factors of Time, Category and Hemisphere. In order to further verify the changes in category difference in N170 amplitude was not lead by changes in P1 component, which reflected the basic visual processing, we also performed similar ANOVA with the P1 amplitude of T5 and T6 channels.

3. Results {#sec0075}
==========

3.1. Behavioral results {#sec0080}
-----------------------

### 3.1.1. Character-matching test in pre- and post-training sessions {#sec0085}

The accuracy of the character matching task showed an increase with training but it was not affected by the different ways of training. The analysis of ANOVA with repeated factor Time (Pre-test, Post-test) and between-participants factor Training group (VL vs. FW) only revealed a significant main effect of Time (*F*(1,27) = 34.62, *p* \< 0.01, *η*^2^ = 0.56) with increasing accuracy in the post-training test (*p* \< 0.01) (see [Table 2](#tbl0010){ref-type="table"} for the results of each group). The Training group main effect (*F*(1,27) = 2.19, *p* = 0.15, *η*^2^ = 0.07) and the interaction between Time and Training group (*F*(1,27) = 0.26, *p* = 0.62, *η*^2^ = 0.01) were not significant. Similar with the accuracy result, the analysis of the response time by ANOVA with repeated factor Time and between-participants factor Training group only revealed a significant main effect of Time (*F*(1,27) = 19.76, *p* \< 0.01, *η*^2^ = 0.42), with the response time in the Post-test was faster than that in the Pre-test (*p* \< 0.01) ([Table 2](#tbl0010){ref-type="table"}). While the interaction between Time and Training group were not significant (*F*(1,27) = 2.79, *p* = 0.11, *η*^2^ = 0.09).Table 2Response time and accuracy in the character matching task before and after training (SD).RTAccuracyVisual learningFree writingVisual learningFree writingPre-test1574.52 (570.18)2022.45 (914.38)0.80 (0.14)0.75 (0.12)Post-test1155.77 (291.72)1099.35 (196.74)0.93 (0.05)0.90 (0.04)[^2]

### 3.1.2. Character recognition test during training {#sec0090}

In order to analyze the relatively long effects of different training methods on recognizing the learned characters, the accuracy for the character recognition test was submitted to a 4 × 2 mixed design ANOVA with Time serving as the repeated measures and training group serving as the between-subject factor. The main effect of Time was significant (*F*(3,81) = 9.14, *p* \< 0.01, *η*^2^ = 0.25) and the interaction between Time and Training group was significant (*F*(3,81) = 7.08, *p* \< 0.01, *η*^2^ = 0.21). As can be seen in [Fig. 4](#fig0020){ref-type="fig"}, the score in the VL group was significantly higher than that in the FW group after the 4th training session (Test 4) (*p* \< 0.01). The accuracy of the VL group increased significantly after 3 weeks training (Test 3 vs. Test 2, *p* \< 0.01) and continued to increase after the 4th week of training (Test 4 vs. Test 1 & Test 4 vs. Test 2, *p* \< 0.01, Test 4 vs. Test 3, *p* = 0.06). However, the FW group did not show significant changes among the four testing times during training sessions (all *p*-values \>0.10).Fig. 4Accuracy in the character recognition tests across 4 training sessions. "Test 1" for the test after training session 1, "Test 2" for the test after training session 2, "Test 3" for the test after training session 3 and "Test 4" for the test after training session 4.

3.2. ERP results {#sec0095}
----------------

### 3.2.1. N170 peak amplitude {#sec0100}

#### 3.2.1.1. Pre-training results of two groups {#sec0105}

No significant group differences were found in the Pre-test for either characters or none-character categories (all *p*-values \> 0.10). Also, no main effects or interactions with group or hemisphere were significant (all *p*-values \> 0.10). The ANOVA analysis revealed only a significant main effect of Category (*F*(2,64) = 51.31, *p* \< 0.01, *η*^*2*^ = 0.61). Before training, the N170 amplitudes induced by characters ***were*** smaller than that by faces and were larger than that by tools (*p* \< 0.01). And the N170 amplitudes for faces were also larger than that of tools (*p* \< 0.01).

#### 3.2.1.2. Effects of visual learning and free writing {#sec0110}

N170 peak amplitudes ***were*** assigned to ANOVA with between-subject factor of Training group and within-subject factors of Time, Category and Hemisphere. The ANOVA revealed significant main effect of Category (*F*(2,54) = 65.96, *p* \< 0.01, *η*^2^ = 0.71) and significant interaction between Time and Category (*F*(2,54) = 8.42, *p* \< 0.01, *η*^2^ = 0.24). Most importantly, the 3-way interactions of Training group × Time × Category (*F*(2,54) = 45.15, *p* = 0.02, *η*^2^ = 0.16) and Training group × Time × Hemisphere (*F*(1,27) = 5.10, *p* = 0.03, *η*^2^ = 0.16) were significant. None of the other main effects or interactions were significant (*p* \> 0.10). The two 3-way interactions indicated that, in the two groups, there could be different changes for the N170 amplitude of each category in each hemisphere after training. Thus, we further performed ANOVAs with factors of Training group, Time and Category within each hemisphere respectively.

In the left hemisphere, the Category main effect was significant (*F*(1,27) = 42.64, *p* \< 0.01, *η*^2^ = 0.61). The interaction between Time and Category was significant (*F*(2,54) = 3.52, *p* = 0.04, *η*^2^ = 0.12). The 3-way interaction of Training group × Time × Category was significant (*F*(2,54) = 4.41, *p* = 0.02, *η*^2^ = 0.14). Post hoc test revealed that, in the VL group, the N170 amplitudes of characters and tools did not change significantly (*p* \> 0.10). However, the face N170 amplitude decreased significantly after training compared to before training (*p* = 0.03). While in the FW group, the N170 amplitudes of characters, faces, and tools did not change significantly after training compared to before training (Character, *p* = 0.84; Faces, *p* = 0.61; Tools, *p* = 0.55) ([Fig. 5](#fig0025){ref-type="fig"}).Fig. 5N170 waveform at T5/T6 and scalp voltage maps in the VL group and the FW group. (A) N170 waveform at T5/T6 in the VL group and the FW group. Waveforms of characters were plotted with red lines, faces with green lines and tools with blue lines. The upper row presented waveforms in the Pre-test and the lower row presented waveforms in the Post-test. Left two columns showed the N170 waveforms of the VL group, the right two columns for the FW group. For each group, the left columns showed the N170 waveform at T5 channel, and the right for T6 channel. (B) The scalp voltage maps at 200--219 ms in the VL group and the FW group before and after training. Columns from left to right: Characters, Faces, Tools. Upper block presented scalp maps of VL group in the Pre- and the Post-test and lower block presented scalp maps of the FW group in the Pre- and the Post-test. Red color represented positive voltage.

In order to verify the changes in the N170 amplitude of characters relative to the other non-character categories, we further performed paired-sample t-tests for the changes in amplitude differences of character-face (C-F) and character-tool (C-T) between Pre- and Post-test ([Table 3](#tbl0020){ref-type="table"}). In the VL group, the N170 amplitude difference between characters and faces (C-F) decreased significantly in the Post-test (*p* \< 0.01, [Table 3](#tbl0020){ref-type="table"}). Additionally the N170 amplitudes differences between characters and tools (C-T) showed an increasing trend in the Post-test (*p* = 0.07, [Table 3](#tbl0020){ref-type="table"}). In the FW group, the C-F and C-T N170 amplitudes differences showed no significant effects in the Post-test (all *p*-values \>0.10, see [Table 3](#tbl0020){ref-type="table"}).Table 3Peak amplitude differences (μV) of N170 at T5/T6 before and after training in VL and FW group.LeftRightC-FC-TC-FC-TVisual learningPre4.75*t* = 3.21\
*p* \< 0.01−5.84*t* = 2.01\
*p* = 0.077.86*t* = 3.38\
*p* \< 0.01−4.36*t* = 1.98\
*p* = 0.07Post−2.76−10.323.38−9.14  Free writingPre3.19*t* = −0.20\
*p* = 8.43−4.59*t* = −0.55\
*p* = 0.595.05*t* = 1.00\
*p* = 0.33−4.13*t* = 1.10\
*p* = 0.29Post3.55−3.872.55−5.98[^3]

In the right hemisphere, the Category main effect was significant (*F*(1,27) = 43.78, *p* \< 0.01, *η*^2^ = 0.62). The interaction between Time and Category was significant (*F*(2,54) = 6.89, *p* \< 0.01, *η*^2^ = 0.20). The 3-way interaction of Training group × Time × Category was marginally significant (*F*(2,54) = 2.51, *p* = 0.097, *η*^2^ = 0.09). Post hoc test revealed that, in the VL group, the N170 amplitude of characters increased significantly after training compared to the before training (*p* \< 0.01) and the N170 amplitudes of faces and tools did not change significantly in the Post-test (*p* \> 0.10). In the FW group, the N170 amplitudes of characters, faces, and tools did not change significantly after training compared to the before training (Character, *p* = 0.69; Faces, *p* = 0.48; Tools, *p* = 0.65). However, the planned comparisons between N170 amplitude of characters and non-character categories revealed that the N170 amplitude of characters was smaller than that of faces (*p* = 0.01, [Fig. 6](#fig0030){ref-type="fig"}B) in the Pre-test. While the N170 amplitude of characters did not significantly differ from that of faces in the Post-test (*p* = 0.52, [Fig. 6](#fig0030){ref-type="fig"}D). This result indicated an increased N170 amplitude of characters relative to that of faces after training compared to the before training in the FW group.Fig. 6Amplitudes of N170 component at T5/T6. (A) N170 peak amplitudes over the left hemisphere (T5) in the Pre-test. (B) N170 peak amplitudes in the right hemisphere (T6) in the Pre-test. (C) N170 peak amplitude in the left hemisphere (T5) in the Post-test. (D) N170 peak amplitudes in the right hemisphere (T6) in the Post-test. For each figures, the left clusters of bars represented the amplitudes of the VL group, the right for the FW group. The amplitudes of characters in the Pre-test ***were*** plotted with black, faces with gray and tools with white. \*\* Significant differences at *p* \< 0.01; \* Significant differences at *p* \< 0.05.

Similar with the paired-sample t-test in the left hemisphere, in the VL group, the N170 amplitude difference between characters and faces (C-F) decreased significantly ([Table 3](#tbl0020){ref-type="table"}). Since the N170 amplitude of characters became significantly larger than that of tools in the right hemisphere in the Post-test (*p* \< 0.01, [Fig. 6](#fig0030){ref-type="fig"}B and D), the N170 amplitudes differences between characters and tools (C-T) also showed an increasing trend in the right hemispheres too ([Table 3](#tbl0020){ref-type="table"}). In the FW group, the C-F and C-T N170 amplitudes differences showed no significant changes in the Post-test (all *p*-values \>0.10, see [Table 3](#tbl0020){ref-type="table"}).

Generally, in visual identification groups, although the N170 amplitude for characters was larger than that of tools before training, a training effect reflected by larger amplitude of characters in the right hemisphere was observed. Regarding the free writing group, the very strong learning effects on N170 character amplitudes were not found compared with that in the visual identification group. However, in the right hemisphere, the N170 amplitude difference between characters and faces disappeared.

#### 3.2.1.3. N170 lateralization {#sec0115}

The pairwise comparisons between the left and right hemisphere for all categories and in Pre-test and Post-test for each groups respectively showed that none of the hemispheric differences among these categories reached significance in either Pre-test or Post-test in any group (all *p*-values \>0.10).

### 3.2.2. N170 peak latencies {#sec0120}

The ANOVA for the N170 peak latencies revealed that only the main effect of Category was significant (*F* = 102.70, *p* \< 0.01, *η*^2^ = 0.80). The N170 latency of faces was shorter than that of characters and tools (*p* \< 0.01) and the N170 latency of characters was shorter than that of tools (*p* \< 0.01) ([Table 4](#tbl0025){ref-type="table"}). The N170 peak latencies were not significantly different between groups in both Pre- and Post-test (Group main effect: *F* = 0.07, *p* = 0.80, *η*^2^ = 0.003; Group × Time: *F* = 0.40, *p* = 0.53, *η*^2^ = 0.02). And the changes of peak latency between pre-test and post-test did not reach significant level, either (Time main effect: *F* = 0.74, *p* = 0.40, *η*^2^ = 0.03). No other significant main effect or interactions were found (all *p*-values \>0.10).Table 4Peak latency (ms) of N170 component at T5/T6 before and after training in Visual leaning group and Free writing group.Training groupCharacterFaceToolT5T6T5T6T5T6Pre-testVisual Learning208(20)216(15)210(14)205(12)247(31)235(30)Free Writing223(15)211(22)209(16)207(16)238(25)233(26)Post-testVisual Learning212(16)221(18)209(17)210(14)232(30)239(17)Free Writing222(21)218(20)211(16)205(17)250(26)233(31)[^4]

### 3.2.3. P1 amplitude {#sec0125}

P1 peak amplitudes of three categories were assigned to ANOVA with between-subject factor of Training group and within-subject factors of Time, Category and Hemisphere. The Time × Training group (*F*(1,27) = 4.66, *p* = 0.04, *η*^2^ = 0.15) and the Time × Hemisphere × Training group interactions were significant (*F*(1,27) = 4.30, *p* = 0.05, *η*^2^ = 0.14). The post hoc analysis revealed that the P1 amplitude was only significantly enhanced in the FW group in the right hemisphere in the Post-test (*p* = 0.01) ([Table 5](#tbl0015){ref-type="table"}). The Category main effect or any Category related interactions were not significant (all *p*-values \>0.05).Table 5Peak amplitudes (μV) of P1 component at T5/T6 before and after training in VL and FW group.Training groupCharacterFaceToolT5T6T5T6T5T6Pre-testVisual learning13.54\
(4.73)13.58\
(5.92)13.70\
(4.40)15.04\
(8.07)15.36\
(3.67)16.24\
(6.19)Free writing10.42\
(6.45)13.56\
(9.12)10.40\
(4.29)13.02\
(9.23)11.69\
(6.52)11.73\
(7.00)  Post-testVisual learning11.85\
(6.79)11.72\
(4.91)15.68\
(8.76)13.28\
(7.02)15.32\
(8.35)12.25\
(6.84)Free writing11.81\
(7.87)16.87\
(5.70)11.65\
(6.47)17.89\
(8.56)11.35\
(7.09)14.93\
(7.96)[^5]

4. Discussion {#sec0130}
=============

The current study is the first study to examine the ERP effects of short-term reading and writing training on the emergence of visual word expertise processing in Chinese preschool children. We focused on whether the N170 markers for visual word expertise emerge very quickly in young Chinese children after short-term word learning and whether early writing experience could prompt the early acquisition of word expertise processing.

We found that Chinese characters induced the bilateral N170 component in the occipital-temporal channels in preschool children before training, consistent with previous findings for alphabetic scripts ([@bib0160], [@bib0165], [@bib0020]). Importantly, our data, for the first time, showed that the word-related N170 expertise emerged very quickly in very young preliterate Chinese children (4 to 5 years old) after short-term word learning (about 100 min), especially in visual identification groups. Although the N170 amplitude for characters was larger than that of tools before training, we still observed a training effect reflected by larger amplitude of characters in the right hemisphere. Furthermore, such changes in the character N170 amplitude at the neural level were coordinated with the behavioral performance changes in the character-matching test, which reflects a fast character-processing ability enhanced after training sessions. Thus, combined with the findings in children who learn to read alphabetic script ([@bib0020]), our findings indicate that the fast emergence of visual word N170 expertise after learning to read is independent of the type of script young children learn. It is worth mentioning that the pronunciation and semantic meaning of the specific characters were provided to children when we visually presented the characters at the beginning of each training session in both groups. Such a learning method is similar to that in [@bib0020]'s study, which asked children to learn letter-sound correspondences ([@bib0020]). Thus, the enhanced N170 effect for visual words by short-term training suggests that visual-speech correspondences (character-syllable correspondence in Chinese) are essential for the emergence of N170 word expertise processing regardless of the differences in visual and linguistic features that make up different scripts.

In order to ensure the children had little literacy experience before training, we specifically selected children with low reading ability. Also, we investigated the home literacy environment of these children. According to the questionnaires, about 70% of the parents occasionally instructed their child to read Chinese characters and over 80% of their homes had less than 5 Chinese character recognition books. Moreover, it is not necessary for teachers to teach children to learn to read and write in kindergarten according to the Early Childhood Education Guideline from China Ministry of Education. Thus, we can assume that the participants didn't have much reading experience, perhaps only from passive print exposure in their environment. And passive print exposure in children\'s daily life is not likely to have a strong influence on the emergence of word expertise processing in the preschool period. Explicit word leaning may be crucial to the fast emergence and development of the word N170 expertise.

Our other interesting finding is the different training effects of visual identification and writing learning on the visual word N170 expertise processing. The visual identification task made the neural activities of character processing change differently in both hemispheres. The N170 amplitudes to characters did not change significantly after training in the left hemisphere, whereas the N170 amplitudes of characters enhanced remarkably in the right hemisphere. Regarding the free writing group, we did not observe very strong learning effects on N170 character amplitudes compared with that in the visual identification group. However, although writing training did not produce significant increases in N170 character amplitude, in the right hemisphere, the amplitude difference between characters and faces disappeared ([Fig. 6](#fig0030){ref-type="fig"}B and D). Since the pattern of N170 amplitudes of the three categories was similar in both groups before training, different learning effects may reflect different impacts of different literacy inputs on the N170 word expertise processing.

The current study did not show that writing experience produces significant improvements of reading ability either in terms of the behavioral performance in the character recognition tests, or the N170 amplitude for characters in Chinese preschool children. We did not find any significant correlations between the character recognition score after 4 weeks training and the N170 amplitude of characters before or after training (all *p*-values \>0.10) as well. These results appear to be inconsistent with the results obtained with children learning to read English letters ([@bib0110]). For example, [@bib0110] trained 4--5 years old children with limited letter knowledge (7.5 letters) to copy English letters. During learning sessions, words that contained letters highlighted in the story text were learned. The experimenter read the story and then children copied the highlighted letters and words. After four 30-min writing practice sessions (2 h in total), they found an enhanced fusiform gyrus response to the letters in both hemispheres while the response to pseudoletters and shapes remained unchanged. However, it should be noted that in the study of [@bib0110], children in visual learning groups were offered the pronunciations of the whole words which consisted of the letters to be learned. In other words, the children in that study were presented with the whole word in learning sessions but tested with the recognition of letters instead of words after training. This procedure might lead less effective visual learning since the grapheme-phoneme correspondences would be less likely to be encoded ([@bib0185]).

One explanation of the small learning effects of free writing in our study is that the task of writing Chinese characters is more cognitive-resource consuming than writing a letter. Writing characters involves greater demands on visual-spatial working memory, and writing ability itself is constrained by the individual\'s working memory ([@bib0205]). Constrained by limited cognitive resources in this way, young children in the FW group may not be able to spare more resources during character learning, thus resulting in poorer learning throughout the training period ([@bib0235]). This is in line with the finding of [@bib0140], which suggests that only children in an appropriate age can benefit from writing learning. To our knowledge, the crucial role of writing in reading Chinese has only been found in school age children who have advanced working memory ability ([@bib0210], [@bib0215]); no study has been reported in preliterate children. However, importantly, a failure to enhance the N170 amplitude to Chinese characters in the writing group does not mean a failure to enhance any skill that might be useful for expertise processing. For example, writing-training did improve children\'s performance in the character-matching test. Thus, neural markers of expertise such as the N170 might be modulated by only a subset of the perceptual skills that might benefit from familiarity, and domain-specific expertise.

Another possibility is that writing training does have a role in improvement of word N170 expertise processing but we could not detect it due to the stimuli we used in the present study. Faces and tools are two visual categories that are highly dissimilar in appearance to Chinese characters. A stronger effect of writing training on N170 selectivity might be seen in a task that requires finer processing of Chinese characters. Recent studies have found that children and adults learning Chinese as a second language with higher writing ability were reduced in holistic processing of Chinese characters ([@bib0220], [@bib0225]). It suggested that writing experience may enhance the local processing of Chinese characters over the more global and category level selection. It seems that the children in the visual identification group were likely to pay more attention to the global information of the character since they needed to choose one character from many other characters, while children in the writing learning group may attend more to the local information. The different training effects we found in the current study may reflect different approaches or processing strategies taken by the children in the two groups. Therefore, additional studies are needed to test this hypothesis by use of stimuli sharing certain orthographic patterns with Chinese characters (e.g. [@bib0130]).

Although the exposure time of characters was controlled between the two training groups, it seems that a greater number of Chinese characters were exposed to the children in the visual learning group since children in that group were required to search the learning characters among other characters. In addition, the visual learning groups were presented with additional characters as distracters when they identified the learnt characters during training sessions. It is likely that the changes in character N170 amplitude in the visual learning group could be affected by the more frequent exposure to characters in general; though these extra distracters were probably not attended to as often or as strongly as the target characters. However, mere passive print exposure might not be the direct reason of the different training effects in both groups. As stated in James study (2010), children do not learn from the environment by passively sampling. Rather, they "move through our environment voluntarily, and attend, explore, manipulate and handle the pieces of our environment that we choose." In short, we are "active perceivers".

Although we found different training effects in VL and FW groups, both training approaches led to changes in N170 selectivity in the right occipito-temporal sites. In a study of German young children, 6.5 year old children with high letter knowledge also showed marginal N1 word-symbol differences in right occipito-temporal sites ([@bib0160]). N1 effects in both alphabetic and logographic scripts indicate that the right hemisphere plays an important role in the *early* development of word expertise processing. Given a small degree of early literacy experience, word N170 expertise processing can start to develop at early age, but still differs from the mature, more left-lateralized N170 in adults ([@bib0160]).

In terms of N170 latency, we found that the peak latency of faces and characters were shorter than that of tools but the peak latency of characters were still longer than that of faces. The shorter face N170 latency suggests that the expert processing of faces starts to develop earlier ([@bib0105]) whereas the longer N170 peak latency of characters indicates that the neural specialization of characters was still in the developmental process. The development of such an expertise still requires more extensive learning and the further development and maturation of the neural system ([@bib0190]).

Another interesting finding of our study is that with the increasing N170 amplitude for characters, the amplitude of faces decreased at the same time especially in the left hemisphere after visual learning Chinese characters. Li et al.'s study finds that young children\'s reading ability has a negative effect on N170 right lateralization for faces (S. [@bib0125]). The current results provides further and direct evidence to support the competition hypothesis of the development of visual word expertise ([@bib0260]), which proposes that there is competition between culturally or environmentally shaped visual processing and perhaps the more hard-wired visual processes like face perception that may be more shaped by evolution. Explicitly teaching children to read may induce children to devote more neural resources to process words at the expense of the neural resources for face processing (S. [@bib0125]). More importantly, devoting more neural resources to the development of word processing does not necessitate competition with neural development in other domains. As we found in the current study, the object (tools) N170 amplitude did not change significantly after training.

Our study is the first to find that the word-related N170 expertise emerges very quickly in young Chinese children (4 to 5 years old) after only short-term word learning. Visual and writing learning have different effects on visual word N170 expertise processing. These results suggest that different experiences with the same stimuli (Chinese characters) can exert different effects on a child\'s developing brain. However, due to the limitation of our sample size in the present study, the underling mechanism of experience-brain interactions during development still needs to be investigated. The experience-brain interactions during development are very complex. Child behavior and cognition emerge from dynamic neural connectivity in developing brains. Actually, in developing brains, there are two modes of networks: structural networks and functional networks. Each mode shapes and constrains the other across multiple timescales and each shows age-related changes as well ([@bib0040]). The intrinsic brain dynamics, extended brain-behavior networks and developmental process construct a very complex dynamic system. Visual word expertise processing, as one of the important aspects of brain specialization correlated with multiple experience (reading and writing), emerges and develops from such a dynamic system. For example, visual and motor experience integration across sensory and motor systems can contribute to functional visual word specialization ([@bib0115]). Thus, future studies need to explore the changes of brain connectivity under different types of literacy experience, and in children with different ages. Evidence from these studies, we hope, will eventually answer the question of why different environmental inputs results in different effects on children\'s brain activity and their behavior.

[^1]: **Note**. Mean scores for each training group are listed in the table and values in brackets are standard deviation for each group.

[^2]: **Note**. Mean scores for each training group are listed in the table and values in brackets are standard deviation for each group.

[^3]: **Note.** C-F represented the N170 peak amplitude difference between character condition and face condition, C-T represented the N170 peak amplitude difference between character condition and tool condition. The *t* & *p* values were the results of paired sample *t*-test between Pre-tests and Post-tests for each pair of difference.

[^4]: **Note**. Peak latency for each training group is listed in the table and values in brackets are standard deviation for each group in each condition.

[^5]: **Note**. Mean amplitudes for each training group is listed in the table and the values in the bracket is a standard deviation for each group in each condition.
